The 5,10-methylenetetrahydrofolate dehydrogenase of heterotrophicaily grown Peptostreptococcus productus Marburg was purified to apparent homogeneity. The purified enzyme catalyzed the reversible oxidation of methylenetetrahydrofolate with NADP+ as the electron acceptor at a specific activity of 627 U/mg of protein.
Homoacetogenic bacteria are strictly anaerobic eubacteria that mediate the total synthesis of acetate from CO2 in their energy metabolism. The methyl group of acetate is formed from CO2 via formate and tetrahydrofolate-bound C-1 intermediates; synthesis of the carboxyl group proceeds via a bound carbon monoxide (for recent reviews on homoacetogens and their energy metabolism, see references 3, 7, 13, and 20). Most homoacetogenic bacteria are able to grow on H2 plus CO2 as energy sources. Therefore, reduction of CO2 to acetate must be coupled with a net formation of ATP. Studies with Acetobacterium woodii (4) led to the assumption that ATP synthesis is coupled to the formation of the methyl group of acetate via a chemiosmotic mechanism. For the homoacetogen Peptostreptococcus productus (9) and other homoacetogens (10, 21) , evidence was presented that an electrochemical sodium gradient formed upon synthesis of the methyl group from formate could play an essential role in energy conservation. The sodium-dependent reaction in methyl group synthesis is not yet known. Therefore, we studied the enzymes mediating methyl formation. Of particular interest are the enzymes that catalyze reactions sufficiently exergonic to be possibly coupled to a sodium translocation across the cytoplasmic membrane. These reactions are, at least under standard conditions and with CO or H2 as an electron donor, the reduction of methylenetetrahydrofolate to methyltetrahydrofolate and the formation of methylenetetrahydrofolate from methenyltetrahydrofolate. The former reaction is the most exergonic step in methyl group synthesis. Studies of the methylenetetrahydrofolate reductase in vesicles of Clostridium thermoautotrophicum (11) and of the same enzyme purified from P. productus (19) indicated that the enzyme could be associated with the * Corresponding author. membrane, thus pointing to its proposed role in energy conservation. However, the methylenetetrahydrofolate reduction was not dependent on sodium (19) .
Here we report on the isolation and properties of the methylenetetrahydrofolate dehydrogenase to elucidate the possible role of this enzyme in energy conservation of homoacetogenic bacteria. Our data can be interpreted as excluding such a role in the homoacetogen P. productus. This conclusion is supported by an earlier observation, that in A. woodii the formation of the methyl group from formaldehyde, which does not involve methylenetetrahydrofolate dehydrogenase, was also sodium dependent (10 (19) . The concentration of convertible methylenetetrahydrofolate was determined as described earlier (19) Fig. 3 and 4) yield. The addition of phenylmethylsulfonyl fluoride to the cell extracts prevented the degradation of enzyme activity due to proteases present in the extracts. After treatment of the crude extracts with ammonium sulfate (see step 1 of the purification procedure), no more protease activity occurred. The purified methylenetetrahydrofolate dehydrogenase mediated the oxidation of methylenetetrahydrofolate to methenyltetrahydrofolate with NADP+ as the electron acceptor;.no activity was observed with NAD+, flavin adenine dinucleotide, or ferredoxin from Clostridium pasteurianum as the cosubstrate. The reaction was reversible, as indicated by the oxidation of NADPH with methenyltetrahydrofolate formed by the enzyme in the reaction assay under appropriate conditions (Fig. 1) . From the equilibrium concentrations of the reactants in the experiment shown in Fig. 1 , the standard redox potential of the couple methenyl-/methylenetetrahydrofolate was estimated to be near -300 mV, confirming the value that has been reported before for this couple (7). The enzyme was judged to be homogeneous on the basis of polyacrylamide gel electrophoresis in the absence and presence of SDS (Fig. 2) . No cyclohydrolase activity was detected in the purified enzyme, in contrast to the enzyme of the homoacetogen Clostridium thermoaceticum (12, 15) . Under the conditions routinely used, the enzyme oxidized methylenetetrahydrofolate to methenyltetrahydrofolate; a subsequent conversion of methenyltetrahydrofolate to formyltetrahydrofolate was observed only when crude extracts of the bacterium were added to the assays. The specific activity of the cyclohydrolase in the extracts was near 0.38 U/mg at pH 7.5.
Molecular composition. an apparent molecular size of the enzyme of -64 kDa (data not shown). SDS-polyacrylamide gel electrophoresis revealed the presence of a single subunit with an apparent molecular size of 34 kDa (Fig. 2) . Therefore, a dimeric a2 structure can be envisaged. A similar structure was observed for the enzymes purified from other homoacetogens, such as A. woodii (17) (55 kDa; subunits, -26.5 kDa), C. thermoaceticum (15) (55 kDa; subunits, -30.0 kDa), and C. formicoaceticum (14) (60 kDa; subunits, -32 kDa). Involvement in energy conservation. The sodium-dependent methyl group formation from formate (9) and the indications for an ATP synthesis coupled to methyl group formation (4) led to the assumption that one (or more) of the enzymes involved in methyl group formation is responsible for the coupling mechanism, probably via the formation of an electrochemical sodium gradient. Since the reaction methenyltetrahydrofolate+ + H2 -+ methylenetetrahydrofolate + H+ is sufficiently exergonic under standard conditions (AG"' = -23 kJ/mol) (7) to account for the electrogenic translocation of one monovalent cation across the cytoplasmic membrane, the methenyltetrahydrofolate reduction could possibly be a sodium-dependent, energy-yielding reaction in methyl group formation. Our data, however, provide the following evidence against this hypothesis.
( reduction is most probably NADPH (E" -320 mV) rather than ferredoxin (E°' -420 mV), as indicated by the specificity of the backward reaction for NADP+ as the electron acceptor. With NADPH as the electron donor, however, the AG"' value of the above reaction is -4.9 kJ/mol, which is not sufficient (at least under standard conditions) to account for the translocation of a monovalent cation.
(ii) When cell extracts obtained after gentle lysis of the cells with lysozyme (Cellosyl; Hoechst AG, Frankfurt, Federal Republic of Germany) were centrifuged for 120 min at 80,000 x g, the supematant (i.e., the soluble fraction) contained more than 95% of the total methylenetetrahydrofolate dehydrogenase activity; less than 5% was recovered in the pellet. The methylenetetrahydrofolate reductase, which was used as a control, was found to about 40% in the particulate (pellet) fraction (19) . This result was interpreted to indicate that the methylenetetrahydrofolate dehydrogenase is not associated with the membrane, as would be required for the involvement in energy conservation via a chemiosmotic mechanism.
(iii) The activity of the purified dehydrogenase in both reaction directions was not decreased in the absence of added sodium, i.e., if the sodium concentration was less than 10 ,uM. This is an argument against the assumption that this reaction could be coupled to a sodium translocation.
(iv) Earlier investigations with A. woodii (10) indicated that the formation of the methyl group from formaldehyde, which is nonenzymatically converted to methylenetetrahydrofolate, is also sodium dependent. Although this could not be confirmed for P. productus (data not shown), this finding argues against a role of the methylenetetrahydrofolate dehydrogenase in energy conservation.
For the reasons described above, involvement of this enzyme in the energy conservation of homoacetogenic bacteria is very unlikely. The energy-yielding reaction is probably either the reduction of methylenetetrahydrofolate to methyltetrahydrofolate (19) or a later step in the synthesis of the methyl group.
Catalytic properties. The enzyme did not exhibit a distinct pH optimum; in a pH range of 5.5 to 8.5, the activity was almost the same, with a slight increase toward higher pH values. Since at pH >8 the methenyltetrahydrofolate was unstable (see also reference 17), the activity could not be measured accurately beyond this limit. The enzyme appeared to be heat sensitive at temperatures of >40°C.
Incubation at 50°C for 10 min led to a 90% loss of the activity; at 60°C, a complete loss of activity was observed. A low thermal stability was also reported for the methylenetetrahydrofolate dehydrogenase of C. formicoaceticum (14) , a heat-stable methylenetetrahydrofolate dehydrogenase was purified whereas from the thermophilic homoacetogen C. thermoaceticum (15) .
The initial reaction velocities of methylenetetrahydrofo- In the Lineweaver-Burk plots, the lines reflecting the dependence of 1/v versus 1I[S] were parallel with different given concentrations of the second substrate, indicating a ping-pong catalytic mechanism of the enzyme (Fig. 3) . This was earlier observed for both reaction directions of the methylenetetrahydrofolate dehydrogenase purified from A. woodii (17) . However, kinetic studies like those depicted in Fig. 3 or described in reference 17 are not sufficient to allow unambiguous determination of the reaction mechanism. Therefore, we investigated the initial reaction velocities in the presence of different NADPH concentrations. Assuming a ping-pong reaction mechanism, NADPH should be an inhibitor competitive to methylenetetrahydrofolate, since both electron donors would compete for the same redox center in the enzyme (16) . The studies showed, however, that the inhibition pattern was of the mixed type (Fig. 4B) rather than competitive. This was also true with respect to NADP+ (Fig. 4A) ping-pong reaction mechanism. The patterns observed indicate a sequential catalytic mechanism, with the intermediary formation of a compulsory-order ternary complex (16) .
A ping-pong reaction mechanism would imply the presence of a reducible prosthetic group in the enzyme. inhibition could be due to the same effect that zinc or nickel ions had on the enzyme activity rather than to the binding of Hg2+ to SH groups. No effect on enzyme activity was observed with hydroquinone, azide, cyanide, or N-ethylmaleimide at 10 mM each. Clearly inhibitory were reagents for carbonyl functions. Hydroxylamine and phenylhydrazine inhibited the enzyme -50% at concentrations of about 5 to 10 mM. The data were interpreted to indicate the absence of a prosthetic group in the enzyme. The effect of zinc, nickel, and quicksilver could be the complexing of side chains of amino acids involved in the catalytic mechanism. The inhibition by hydroxylamine and phenylhydrazine could be due to a reaction with carbonyl groups; this conclusion, however, is speculative and remains to be proven. The kinetic studies at first glance indicate a ping-pong reaction mechanism, although further kinetic studies support the idea of a sequential mechanism. In addition, we failed in our efforts to demonstrate the presence of a reducible cofactor, which would be a prerequisite for a ping-pong mechanism. For these reasons, a sequential mechanism is proposed for the enzyme from P. productus. Earlier studies on the methylenetetrahydrofolate dehydrogenase of the homoacetogen A. woodii were interpreted to indicate a pingpong reaction mechanism (17). However, extended kinetic studies on the reaction mechanism of this enzyme are lacking. Other examples of enzymes "pretending" a pingpong mechanism, such as hexokinase (2), amino acid oxidase (5), and 6-phosphofructokinase (5) , have been reported.
A sequential mechanism was also reported recently for the methylenetetrahydrofolate dehydrogenase from yeast cells (1) .
